Restoration of seagrass Enhalus acoroides using a combination of generative and vegetative techniques. Biodiversitas 20: 3358-3363. Seagrass areas have been declining in extent worldwide, with associated loss in seagrass ecosystem functions and services. Seagrass restoration is important to mitigate, halt and reverse such declines and their consequences. Generative propagation has benefits in terms of genetic biodiversity, however, survival of seagrass seedlings has often been poor especially in high energy environments. Terrestrial restoration often uses shade trees to protect vulnerable seedlings. This study aimed to evaluate the feasibility of a similar approach in the marine environment, using adult plants to protect seedlings of the tropical seagrass Enhalus acoroides (L.f.) Royle. Enhalus seeds taken from a donor bed were germinated and grown into seedlings, then planted in a location with high hydrodynamic exposure at three different densities (high, medium, and low). Adult Enhalus transplants were co-planted to provide three levels of protection: fifty (high), ten (medium), and none (no protection). Results showed that high-density seedling co-planting with high protection from adult transplants had significantly (p< 0.05) higher six-month survival rate compared to the other treatments. Our results indicate that, even in high energy environments, co-planting seedlings with adult transplants may combine the advantages of generative and vegetative propagation methods, promoting greater short-term effectiveness in terms of seedlings survival and growth in the restored seagrass meadows.
INTRODUCTION
Seagrasses play a very important role in the coastal and marine environment, and they provide the most critical ecosystem services of any marine habitat (Costanza et al. 1997; Duarte 2000; Barbier et al. 2011; Costanza et al. 2014) . Additionally, seagrasses in tropical areas especially were recently found to be effective in removing bacteria capable of causing disease in humans and marine organisms from the marine environment (Lamb et al. 2017 ). However, due to various natural and anthropogenic factors, there has been an on-going decline in the extent of seagrass areas, and thus their associated ecosystem functions and services, from which tropical seagrasses have not been exempt (Short and Willy-Escheverria 1996; Orth et al. 2006a; Waycott et al. 2009 ). Seagrass conservation and restoration are urgently needed to prevent further declines and their consequences (Unsworth and Cullen 2010; Selig et al. 2014) .
Over the past three decades, seagrass restoration has been implemented using a variety of techniques. Transplantation has been, and still is, the main technique used, where vegetative stocks (pieces of mature seagrass) are taken from a donor site and planted at the restoration site (Phillips 1980; Fonseca et al. 1998; Calumpong and Fonseca 2001; Bourque and Fourqurean 2014; Williams et al. 2017) .
In the long run, there are concerns that transplantation will lead to genetic uniformity at the restoration sites, leading to a reduction in seagrass genetic variation (Williams and Orth 1998) . This could potentially result in reduced growth, seed production, and germination (Orth et al. 2006b ), and negatively affect seagrass resilience to climate change ). On the other hand, the use of generative methods (direct planting or broadcasting of seeds into the field substrate; germination of collected seeds and planting the seedlings directly into substrate in the field) in seagrass restoration is still limited (but see Orth et al. (2006c) ; Marion and Orth (2010) ; Statton et al. (2013) ; Alagna et al. (2015) for sub-tropical and temperate seagrasses, and Ambo-Rappe and Yasir (2015) for tropical seagrass), but could provide a viable alternative to transplantation of vegetative transplants. The development and use of generative restoration techniques should be a priority, especially for seagrasses that produce seeds in large quantities. These seeds can readily be harvested and stored, and in addition, the harvesting of seeds is less damaging to the donor site than taking adult plants (Orth et al. 2006b ; Ambo-Rappe and Yasir 2015).
Different degrees of success have been achieved, depending on the seagrass restoration methods used (Paling et al. 2009 ). Very low transplant survival rates reported from many seagrass transplantation projects, especially in Europe, are thought to be due to physical oceanography factors, herbivory, and competition with and/or covering by macroalgae (Cunha et al. 2012) . In specific cases, physical oceanographic parameters have been observed and identified as the main factors affecting transplant survival; for example current speed and depth (van Katwijk and Hermus 2000) , and substrate condition (Alagna et al. 2015) . Low survival rates when using generative techniques, on the other hand, have been caused by high failure rates in seed growth in the natural environment, due to the unsuitability of environmental conditions or seed predation (Orth et al. 2002; Nakaoka 2002; Orth et al. 2007) . Therefore, site suitability assessment has been considered as an important step in selecting a potential restoration site for successful mass-scale seagrass restoration (Thom et al. 2018) .
The survival of seagrass propagules, whether transplants, seeds, or seedlings, seems to be largely dependent on their ability to withstand unfavorable environmental conditions, especially wave action and substrate movement. Some researchers have presented methods to provide protection to the transplants or seedlings at the restoration site, in order to increase their survival. Planting density is one parameter that could affect the survival of these seagrass propagules. Bos and van Katwijk (2007) found high transplant survival in a highdensity unit under high and intermediate levels of hydrodynamic exposure. They also observed higher survival of transplants near mussel beds, which might be due to protection from wave action provided by the mussel bed. Lee and Park (2008) used shells as anchoring devices for eelgrass transplants in order to fix the shoots in the sediment, and enable successful establishment to occur. Various anchoring devices have been introduced to improve the effectiveness of seagrass transplantation techniques (reviewed in Fonseca et al. 1998) .
The main purpose of the experimental study reported here was to evaluate the benefit of combining two methods of seagrass Enhalus acoroides (L.f.) Royle restoration (vegetative and generative) in enhancing the survival of seagrass propagules used for restoration, based on the rationale that the vegetative transplants could act as effective protectors for the seedlings.
MATERIALS AND METHODS

Growing seeds to seedlings
Fruits of the seagrass Enhalus acoroides were collected from Barrang Lompo Island, Spermonde Archipelago, South Sulawesi, Indonesia (5°02'43.7"S and 119°19'37.2"E; Figure 1 ) in early June 2015. This island is surrounded by multispecies seagrass meadows dominated by E. acoroides, mostly along the western side of the island, spreading somewhat round the north and south end (Ambo-Rappe and Yasir 2015).
Fifty mature E. acoroides fruits were collected, each containing 6-10 seeds. The diameter of the seagrass seeds used ranged from 1.3-2.1 cm with an average of 1.6 ± 0.1 cm. Uniform seed diameter is necessary to control for the effect of seed size on seedlings growth (Ambo-Rappe and Yasir 2015).
The seeds were detached from the fruit and planted in seed bags (black polybag, diameter = 10 cm, depth = 15 cm) filled with marine sand. The bags were then placed in a tank (base area 3 m x 2 m x height 1 m) filled with seawater to a depth of about 0.75 m and equipped with an aerator. The seeds were allowed to germinate and develop into seedlings. After ca. 3 months, when the seedlings had attained a leaf length of approximately 250 mm and developed 1-2 thin roots that could penetrate into the substratum, the seedlings were planted out in the marine environment at the experimental study site.
Experimental design
The experiment was performed in the shallow waters (50-150 cm depth) around Badi Island, Spermonde Archipelago, South Sulawesi, Indonesia (4º57'56.4"S and 119º17'16.6"E; Figure 1 ), a small island surrounded by coral reefs. The island is situated in the outer middle zone of the Spermonde Archipelago and is relatively exposed to the open ocean and the influence of oceanic swells (Cleary and Renema 2007) . The experiment began in mid-September 2015, when 24 rectangular plots (60 cm x 40 cm) made from PVC piping, were submerged and stabilized on the sea bed using iron pegs driven into the sediment at each corner.
The design comprised three seedling and transplant density treatments with eight replicates (n = 8). The first was a high density (25 seedlings) and high protection (50 transplants) treatment (Figure 2.A) ; the second was a medium-density (10 seedlings) and medium protection (10 transplants) treatment (Figure 2.B) ; the third was a low density (5 seedlings) and no protection (0 transplants) treatment (Figure 2 .C).
Seedling survival and growth
Subsequent to planting, the experimental plots were monitored every two weeks over a six month period. To obtain survival data, the number of seedlings and adult transplants in each plot were counted at the end of the experiment. Seedling growth was measured as longitudinal leaf length, beginning in week 10, when leaves from the nursery period were no longer observed and it could be assumed that the seedlings would have grown totally new leaves. The length of the leaves was considered an indicator of seedling conditions. Five seedlings were haphazardly sampled in each plot. All of the leaves on each seedling were measured. For each plot, leaf length was averaged across all the leaves of the 5 sampled seedlings. This average of n = 5 seedlings was the response variable in the analysis of variance. The experimental plots were revisited for nearly two years (22 months) after the end of the experimental period. A surviving seedling was sampled; leaf length and width, number of roots, and root length were measured. 
Data analysis
One-way analysis of variance (ANOVA) was used to compare the growth and survival of seagrass seedlings among treatments. If the ANOVA indicated a significant difference (p<0.05), a Tukey post-hoc test was conducted to identify the optimal treatment.
RESULTS AND DISCUSSION
Results
At the end of the experimental period, survival of the adult Enhalus acoroides transplants used as protectors for the young seedlings was high, for both the high density and medium density transplant treatments, with values of 83±8.9% and 93±8.9%, respectively (Figure 3) . Survival of the seedlings was high in all treatment groups during initial observations (two to four weeks; 96-100% survival). Thereafter, there was a pattern of declining in seedling survival to less than 50% after week 4 (i.e. the 2nd observation), especially from week 14 to the end of the experiment (i.e. the 7th to the 12th observation) in all treatments (Figure 3) . Seedling survival was highest in the high density and high protection treatment (22±4.9%), followed by the medium density and medium protection treatment (19±4.8%), and lowest in the low density and no protection treatment (3±2.5%).
Despite the overall decrease in survival rate overtime during the experiment, there was a significant difference between treatments in seedling survival at the end of the experiment (F2, 2.1 = 6.091; p<0.01). The seedlings with high density and high protection survived significantly better than the low-density seedlings without protection (post hoc test; p<0.05), however, survival was not significantly different for the high density and high protection seedlings vs the medium density and medium protection seedlings or for the medium density and medium protection seedlings vs the low density and no protection seedlings.
The initial length of seedling leaves at the start of growth measurement ranged from 62-71 mm. Seedling leaves continued to grow throughout the experiment, but most of the leaves were also reduced in length due to grazing by herbivorous fishes, causing variations in leaf length between observations. Seedlings with high protection from the adult transplants and at higher densities maintain higher leaf growth than the other treatments ( Figure 4 ). There was a significant difference in seedling leaf length between treatments (F2, 2.1 = 5.324; p<0.05); the leaves of seedlings planted at higher densities with high protection from adult grew longer compared to those of seedlings with no protection (post hoc test, p<0.05).
Discussion
Seagrass restoration has been attempted in many parts of the world, primarily through transplantation (Short et al. 2002; van Katwijk et al. 2009 ). Enhalus acoroides has been the main target species for seagrass restoration in Indonesia, with transplantation as the primary method used (van Katwijk et al. 2016) , while few studies have focused on the use of seagrass seeds or seedlings (but see Ambo-Rappe and Yasir 2015) . Seagrass restoration using seeds or seedlings has been recommended to maintain genetic diversity and reduce damage to the donor site (Williams and Orth 1998; Orth et al. 2006b ). However, it is important to provide protection to the seeds/seedlings at the restoration site, especially from wave action and substrate movement, during the early stages of the restoration process. In this study, survival of the seedlings declined until the end of experiment (over a six month period), and then began to stabilize. Such a decline in seedling survival is common in various seagrass transplantation activities, and can be considered as an adaptation stage of the seagrass propagules used as restoration agents (Fonseca et al. 1998) .
Although the experiment and routine monitoring were completed in March 2016, the plots were left in place. During a visit at the end of January 2017, we found many surviving seedlings and transplants. We sampled one seedling ( Figure 5 ) that had become solidly anchored into the substrate through the growth of 9 roots. These roots varied from 10 mm to 90 mm in length. The seedling had also produced four new leaves 60-186 mm in length and 10-11 mm wide.
Survival of the seedlings planted at high density with high level of protection from adult transplants was significantly higher. The high density of adult transplants around the seedlings might function to protect the seedlings by reducing the speed of currents and the force of wave action, as suggested by Bos and van Katwijk (2007) . Planting seedlings at high density may also have affected other physical factors, especially substrate movement caused by currents, considered the main factor affecting survival in seagrass restoration by van Katwijk and Hermus (2000) . Artificial protectors such as various anchoring devices had been introduced in seagrass restoration project in order to enhance seagrass restoration success (Fonseca et al. 1998) . In contrast, Statton et al. (2012) found a limited effect of anchoring devices on transplant survival in their review of 130 seagrass restoration project in Shark Bay and Florida Bay. However, the result of this study and with support with more positive result from other studies found the importance of providing protection to the propagules used in seagrass restoration (transplants, seeds, and/or seedlings), especially during the early stages of the restoration process, and it could be expected to enhance restoration success.
We found that combining two methods of seagrass restoration (vegetative and generative) increased the survival of seagrass seedlings; however, the success rate was also affected by seedling and transplant density. These results indicate that such adult transplants might act as important and effective protectors for the seedlings, shielding them from predators, reducing substrate movement, and mitigating the force of wave action. Higher seedling density could also enhance survival and growth; therefore seedling density should also be a consideration in generative seagrass restoration.
